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We present a new technique for probing the properties of quantum fluids in restricted geometries. We have
confined liquid 4He within microfluidic devices formed from glass wafers, in which one dimension is on the
micrometer scale. Using an ultrasonic analog to Fabry-Pe´rot interferometry, we have measured the first sound of
the confined liquid 4He, which can be a probe of critical behavior near the lambda point (Tλ). All thermodynamic
properties of liquid 4He can be derived from first-sound and heat capacity measurements, and although quite a bit
of experimental work has been done on the latter, no measurement of first sound has been reported for a precisely
confined geometry smaller than a few tens of micrometers. In this work, we report measurements of isobaric first
sound in liquid 4He confined in cavities as small as ∼5 µm. Our experimental setup allows us to pressurize the
liquid up to∼25 bar without causing deformation of the confined geometry, a pressure which is about four times
larger than previously reported with similar microfluidic devices. Our preliminary results indicate that one can
possibly observe finite-size effects and verify scaling laws, by using similar devices with smaller confinement.
DOI: 10.1103/PhysRevB.89.174508 PACS number(s): 67.25.bh, 67.25.dt, 43.35.+d, 62.60.+v
I. INTRODUCTION
The confinement of quantum liquids in precisely defined
geometries opens the door to new opportunities [1], providing
a laboratory for the study of 3He topological superfluids [2],
for which recent theoretical predictions show the emergence
of new exotic superfluid phases [3–6] in confinement. It also
offers a framework for the study of finite-size effects in
liquid 4He at the superfluid transition [7], which provides
the most precise test of scaling laws in critical phenomena
[8] to date and allows the study of superfluid coupling and
proximity effects [9,10]. However, in order to probe the
properties of such a small amount of liquid (micro/nanoliters),
new measurement techniques are necessary. Examples are
the ultrasensitive nuclear magnetic resonance (NMR) and
calorimetry techniques developed in the Saunders [11] and
Gasparini groups [12], respectively. In this work, we present
a new ultrasonic Fabry-Pe´rot interferometry technique that
we have used to probe the first sound of confined liquid
4He, with the aim to explore finite-size effects near the
superfluid transition. It is interesting to note that confinement
geometry similar to ours could also be used as an apparatus
for the study of superfluid resonators [13], which have recently
demonstrated quality factors as high as 7× 106, or a platform
for the coupling of superfluids to MEMS [14,15].
Near a second-order phase transition, such as the superfluid
transition of 4He, a system moves into a critical regime char-
acterized by locally correlated regions of the order parameter,
which grow as the system approaches the transition point.
At that critical point, the size of correlated regions, defined
by the correlation length ξ , diverges. The critical behavior
of the correlation length can be studied via scaling laws, by
measuring the thermodynamic response functions (specific
heat, density, compressibility, etc.) that show singularities at
the transition. In the case of the 4He superfluid transition,
the temperature dependence of the correlation length near the
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critical point is
ξ (t) = ξ0|t |−ν, (1)
with t = (T − Tλ)/Tλ the reduced temperature and Tλ the
transition temperature. The zero-temperature value of the
correlation length ξ0 is on the order of the interatomic
distance. The critical exponent ν dictates the critical behavior
of the system and has been measured by many authors with
very good precision, an example of which is the value ν =
0.6705 ± 0.0006 obtained from second-sound measurements
performed by Goldner et al. [16].
Thermodynamic singularities can be observed in a vast
number of diverse physical systems which can be classified
into a small number of universality classes. These universality
classes are defined by the number of components of the
order parameter and the dimensionality of the system. In
the case of liquid 4He, the order parameter of the superfluid
transition is a wave function characterized by two components
(amplitude and phase) and so this system, along with many
other systems (e.g., magnetic ordering transitions), belongs to
the XY universality class. However, the superfluid transition
of liquid 4He presents unique advantages for the study of
critical systems. Liquid 4He is extremely pure and its only
contaminant, 3He, can be removed by heat flushing techniques
[17] to as low as 1 part in 1015. Additionally, the order
parameter of the superfluid transition is a wave function, and
therefore not drastically influenced by the presence of the walls
of the container [18]. Moreover, the superfluid transition of
liquid 4He arises on a line of the pressure-temperature (P -T )
phase diagram, allowing its study over a range of pressures
and temperatures.
As critical properties are related to the divergence of the
correlation length at the critical point, one might be concerned
about achieving a true thermodynamic limit (i.e., for a system
of infinite size). Indeed, real systems are always finite in size
so the correlation length can not diverge completely and will
be limited to the size of the system. As a consequence, any
thermodynamic response that is singular in the thermodynamic
limit will no longer be so in a finite system, but will be
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rounded and exhibit a finite maximum as the transition region
is approached. The cornerstone of our current understanding
of the way thermodynamic singularities are modified by
finite-size effects is the finite-size scaling theory introduced
by Fisher [19] in the early 70’s. Experimentally, finite-size
effects can be observed in several realizations, even when
the confinement is not uniform (e.g., superfluid transition
of liquid 4He confined in porous Vycor glass [20]). It is,
however, nearly impossible to verify finite-size scaling theories
with such systems. The possibility of testing these theories
depends crucially on available data measured under uniform
confinement.
Liquid 4He is an excellent candidate for testing the finite-
size scaling theory of critical phenomena. In the bulk limit, the
properties of the superfluid transition of liquid 4He are very
well known [8,16,21,22], for example, the data on the specific
heat collected in microgravity by Lipa et al. [23] represents one
of the most precise tests of theoretical predictions for critical
phenomena. In addition, liquid 4He wets almost all surfaces
[24] and it is therefore able to fill nano/microfluidic cavities
designed for the study of finite-size effects.
Recent work on finite-size effects in the specific heat at
the liquid 4He superfluid transition, by the Gasparini group,
has shown remarkable agreement with finite-size scaling
theories but have also exposed failures that remain unexplained
[8]. The measurement of other thermodynamic responses,
like first sound, can provide new data to help resolve such
problems. Additionally, the study of sound in liquid 4He is
particularly interesting because it is possible to use sound
measurements (first, second, and fourth) to self-consistently
determine all thermodynamic properties [25,26]. Alterna-
tively, the combination of first sound and specific heat can
be used to determine the full set of thermodynamic quantities
[25,26].
Near the transition, both the velocity and the attenuation
of the first sound exhibit critical behavior [27–29]. In order
to describe this critical behavior, a phenomenological theory
has been developed by Ferrell and Battacharjee [29,30], which
can be justified to some extent within renormalization group
theories [31,32]. The first-sound critical behavior of the bulk
system is relatively well understood, nevertheless, we are
unaware of any experiment performed in restricted geometries
for which it has been possible to verify the finite-size scaling
theories. Lambert et al. [20] have measured the first-sound
critical attenuation of liquid 4He confined in porous Vycor
glass, however, this porous material provides a disordered
confinement which makes the interpretation of their results
with finite-size scaling theories difficult. Other experiments
[33,34] using ultrasound to study finite-size effects have
been performed on thin 4He films that have a free surface.
However, this free surface leads to a film thinning [7] as Tλ
is approached and make the interpretation of the results in
the vicinity of the lambda point difficult. A precisely defined
and homogeneous confinement, like the one provided by
micro/nanofluidic devices, can help to verify finite-size scaling
theories. Additionally, other properties of critical systems have
been predicted for the superfluid transition of liquid 4He in
such homogeneous confinement. For example, Bhattacharyya
et al. [35] predict the emergence of different critical regimes
for the ultrasonic attenuation according to the ratio of the
confinement length to the acoustic path length, which is a
function of the ultrasonic frequency.
In our experiment, we have confined liquid 4He in the
resonant cavity of an ultrasonic Fabry-Pe´rot interferometer
(UFPI). The confinement length (i.e., the resonant cavity
thickness) was made as small as d = 5.18µm, and its
uniformity over the entire area has been precisely characterized
by optical interferometry, resulting in a standard deviation
for the cavity thickness of σ = 0.10µm. Our experimental
setup has successfully allowed us to measure the first-sound
velocity up to high pressures (∼24.8 bar), without deformation
of the cavity. This represents a noticeable improvement,
as the pressure is about four times higher than reported
in any other quantum microfluidic experiment [2,8]. Our
preliminary results do not show finite-size effects yet as the
temperature resolution (∼50 µK) is not sufficient for micron
scale confinement [8]. However, our results agree well with
known values of sound velocity in the bulk limit. The study of
finite-size effects with this technique is possible with smaller
confinement lengths.
II. EXPERIMENT
In this section, we describe the experimental setup, starting
with the fabrication process of our microfluidic devices, which
provide a thin circular cavity to confine liquid 4He in a
slab geometry. We give details on the characterization of the
cavity thickness profile, which is a very important step for
studying finite-size effects. Finally, we present the theory of
the ultrasonic Fabry-Pe´rot interferometer.
A. Experimental setup
In order to fabricate a precisely defined confinement geom-
etry we have used clean room nanofabrication techniques. The
process is described briefly here but more technical details can
be found in Ref. [1].
As described in Fig. 1, we start with borosilicate glass
(Borofloat R⃝ 33) wafers (L = 1.1 mm) and, using standard
photolithography, we transfer the design—a circular basin
(D = 5 or 7 mm) with two rectangular channels (w = 1
or 2 mm) leading from the edge of the device into the
basin—to the glass wafer. Then we successively wet etch
the masking layers and the glass substrate down to a certain
depth. This previous step defines the cavity depth which sets
the confinement length for the liquid 4He. We present in this
work the results obtained with two depths, d ≃ 5 and 10 µm.
It is interesting to note that the typical volume of liquid 4He
being studied in our microfluidic cavities is small (D = 7 mm,
d = 10 µm, V ∼ 1 µL) compared to those used in previous
work [27,28,36] on the first-sound velocity of liquid 4He.
The wafer is then diced and bonded to a blank glass “lid”
using direct bonding. This process involves cleaning the two
pieces, first with a piranha solution (H2SO4 and H2O2),
then with a soap solution and mechanical action. The two
pieces are then pressed together by hand under a microscope.
Sometimes, when the two surfaces are not perfectly clean the
bonding does not work and one can see Newton’s rings in the
cavity due to light interference. In this case, the two pieces
can easily be separated and the process repeated. Next, the
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FIG. 1. (Color online) Fabrication process of microfluidic cavi-
ties. (a) Deposition of a Cr/Au masking layer and photoresist on a
piranha cleaned blank borosilicate glass substrate. (b) The design is
transferred by optical lithography. The masking layer and the glass
substrate are then etched. (c) Stripping of the photoresist and masking
layer is followed by bonding with another blank borosilicate glass
wafer. (d) Top view showing the resulting design.
samples are annealed at a temperature of 600 ◦C for 2 hours to
strengthen the bond. Finally, we affix (using Stycast R⃝ 1266)
two broadband piezoelectric transducers of PZT-5A (Boston
Piezo-Optics), one on each side of the microfluidic device.
These transducers (diameter 4 mm, thickness 90 µm, with a
fundamental compressional frequency of 20 MHz) have tab
coaxial electrodes that allow both electrodes to be accessible
from one side of the transducer.
The electrodes of the transducers are connected to two
coaxial feedthroughs placed on the cap of the sample cell
(see Fig. 2). These feedthroughs and electrical connections are
electrical
feedthroughs
fill line
FIG. 2. (Color online) Photograph of a sample mounted on the
cap of the sample cell.
PZT
4He cavity
channel
SIDE VIEWTOP VIEW
 1st harmonic
d
PZT PZT
FIG. 3. (Color online) Schematic of a microfluidic device with
two PZT transducers bonded to it. The presence of the channels
allows the microfluidic cavity to be filled with liquid 4He (blue). The
side view shows an ultrasonic standing wave (first harmonic) in the
microfluidic cavity.
shielded to reduce capacitive cross-talk between the two drive
electrodes (<0.5 fF), allowing for separation of the ultrasonic
signal from the capacitive background. For the coaxial cables
connecting the feedthroughs to the top of the cryostat, we used
50 % semirigid coaxial cable (model SC-086/50-SCN-CN
from Coax Co.), which have low attenuation (∼1 dB/m at
500 MHz) and thermal conductivity (∼7× 10−5 W cm/K) at
4 K.
By applying a drive voltage at MHz frequencies across
the electrodes of the first transducer, ultrasonic waves are
emitted that propagate across the sample, reflect, and form
standing waves in the microfluidic cavity. As shown in
Fig. 3, the transmission can be detected by a second trans-
ducer on the opposite side of the device. The generation
and detection of the voltage signals were performed using
a 50-MHz lock-in amplifier (model HF2LI from Zurich
Instruments).
The completed UFPI is sealed into an oxygen free high
conductivity copper (OFHC) sample cell with an indium O
ring, and immersed in liquid 4He. This has the advantage
that hydrostatic pressure is applied to the microfluidic sample,
therefore avoiding any deformation of the cavity walls during
pressurization (up to∼24.8 bar). Figure 2 shows a microfluidic
sample mounted on the sample cell, which contains two
electrical feedthroughs and a fill line. The sample cell is
attached to the 1-K pot of a commercial 4He refrigerator via
a teflon spacer and thermally anchored to the pot by a thin
band of copper, resulting in low heat conduction between the
two stages. This limits the cooling power demand on the 1-K
pot when the sample cell is regulated at higher temperatures.
A resistive carbon glass thermometer (model C12126 from
Lakeshore) and a 50-% heater are also attached to the sample
cell. The temperature is controlled with a precision of 50 µK
by a proportional-integral-derivative (PID) controller on a
resistance bridge (model 370 AC from LakeShore). Liquid
pressure in the sample cell cavity is controlled with a precision
of ∼0.1 % using a gas handling system attached to a buffer
cylinder. This experimental setup allows us to measure the
first-sound of liquid 4He in confined geometries as small as
5 µm, with fine resolution in both temperature and pressure.
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B. Confinement characterization
We used two different techniques to measure the cavity
depth. The first was a surface profiler (Alpha Step IQ) prior
to the bonding of the microfluidic samples. A diamond stylus,
in contact with the sample, moved laterally across the sample
to measure the topography. This tool gives the step height
at a particular edge of the cavity with excellent resolution
(∼1 nm). However, it cannot be used to measure the depth
profile over the entire cavity. In addition, this measurement
cannot account for potential modifications of the depth induced
by the bonding and annealing processes.
The second technique used is based on the measurement of
light interference in the microfluidic cavity. The devices are
made out of glass and are transparent to visible light. When
the microfluidic device is illuminated, the refractive index dif-
ference between glass (ng ≃ 1.47) and air (na ≃ 1) causes the
optical waves to be partially reflected at the glass-air interfaces.
The reflected light interferes with the incident waves leading
to interference patterns in the transmission. Thus the cavity
depth profile can be obtained from measurement of the optical
transmission through the cavity.
We have used a broadband light source (LS1 tungsten
halogen lamp from Ocean Optics), such that the coherence
length of the light lc is small compared to the glass thickness
(lc ≪ L) but large enough that interference can still occur
in the microfluidic cavity (lc > 2d). This allows interference
to occur solely in the microfluidic cavity, and not in the
glass. Light from the lamp was sent into an optical fiber
(model P600-1-SR from Ocean Optics) to illuminate the cavity
through the objective of a microscope (model M Plan-Apo
20× from Mitutoyo) for a spot size of∼30 µm in diameter. A
second optical fiber was used to collect the light transmitted,
guiding it to a compact CCD spectrometer (model CS200/M
from Thorlabs) with a spectral resolution better than 2 nm (see
Fig. 4).
By sampling the wavelength-dependent intensity of light
transmitted through the cavity with the spectrometer, we can
extract the size of the cavity from optical interference. In
practice, we measure the transmission through two different
Microfluidic deviceTungsten lamp
Microscope objective
Movable stage
Optical fiber to
spectrometer
Optical cryostat
FIG. 4. (Color online) Photograph of the experimental setup for
optical interference mapping of the microfluidic cavity depth.
paths. One path goes through the microfluidic cavity while
the other one passes solely through the glass and is used
as a reference. Hence, we separate the contribution of the
microfluidic cavity from the glass substrate background. The
small refractive index difference results in an optical cavity
with low finesse Fo,
Fo = π2 arcsin ( 1√
Fo
) ∼ 0.17 (2)
with the finesse coefficient Fo = 4Ro/(1− Ro)2 and the
optical power reflection coefficient Ro = | na−ngna+ng |2. For this
reason, along with the small coherence length of the light, it is
a good approximation to only consider two beam interference
in the microfluidic cavity. A two beam interference model in
the cavity leads to the following expression for the optical
transmission:
To = A+ B ∗ cos
(
4πnad
λo
+ φ
)
(3)
with λo the optical wavelength and φ an arbitrary phase.
Ideally, if we know na and ng precisely as the wavelength is
varied we can fix bothA andB. However, in a real experiment,
many factors arise (i.e., slightly misaligned optics, scattering,
beam divergence, etc.), which will affect the total optical
transmission. Therefore, in our experiment, we leave both A
andB as free parameters to allow for a better fit of the depth d.
Figure 5 shows an example of the spectral data fit with Eq. (3)
at a particular location in a microfluidic cavity.
As discussed above, it is important to know the uniformity
of the confinement geometry for the study of finite-size effects.
We have been able to map the depth of our cavities by mounting
the light source and the spectrometer on a two dimensional
positioning stage (model T-G-LSM200A200A from Zaber).
In addition, to determine the temperature dependence of the
cavity depth of our microfluidic cavities, we mounted them in
an optical cryostat (model RC102-CFM from CryoIndustries).
We show in Fig. 6 the cavity depth profile of a microfluidic
cavity (D = 7 mm, d ≃ 10 µm) at 77 K obtained with
100 µm steps in the X and Y directions. For this particular
cavity, the average depth over the entire profile is 9.52 µm,
which is in good agreement with the average value of the
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FIG. 5. (Color online) Wavelength dependent transmission at
one location of a microfluidic cavity (black dots). The fit to the
spectral data (blue line) is obtained using Eq. (3), and the best fit for
d at this location is 9.62 µm.
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FIG. 6. (Color online) (a) Map of a cavity depth profile measured
in an optical cryostat at 77 K with a step size of 100µm. (b) Histogram
of the cavity depth profile showing the distribution of depth over the
entire area of the cavity.
surface profiler (9.58 µm) measurements. Moreover, using
optical interferometry mapping allows us to quantify the depth
uniformity over the cavity area. The spread in the depth
(σ = 0.1 µm) represents only ∼1% of the average cavity
depth. For smaller cavities (davg = 5.2µm), we obtained a
similar spread of∼1.5% in the depth profile (σ = 0.082µm).
We have noticed that this depth profile varies slightly from
sample to sample and that the values furthest from the average
are located near the edge of the cavity. We suspect that the
depth profile of these cavities results from the nonuniformity
of the wet etching in the fabrication process.
As for the temperature dependence of the cavity depth
profile, measurements were performed at 300 and 77 K, and
we found that any thermal contraction was smaller than our
depth resolution and negligible compared to nonuniformities
introduced during fabrication. This is in agreement with the
very small values of the thermal expansion coefficients of most
glass materials [37]. Nevertheless, it was important to verify
for our particular material (borosilicate glass) and geometry.
As no significant thermal contraction is expected below 77 K,
we did not explore this regime.
C. Ultrasonic Fabry-Pe´rot Interferometer
The leading techniques for exploring acoustic properties
of quantum liquids (3He and 4He) include measurements of
the acoustic impedance [38–40] and propagation of ultrasonic
pulses [41]. Neither of these are well suited to our measurement
setup, because of the disruptive effects of the glass microfluidic
cavity. Instead, we have developed a new technique that
benefits from the acoustic impedance mismatch by means of
using the helium-glass interfaces as highly reflective acoustic
mirrors of the resonant cavity of an ultrasonic Fabry-Pe´rot
interferometer.
The Fabry-Pe´rot interferometer is based on wave interfer-
ence in a resonant cavity with reflective walls. The acoustic
transmission through the Fabry-Pe´rot interferometer for a
normally incident acoustic beam, is given by
Ta = 11 + Fa sin2 (δφ/2) (4)
with δφ = 4πd/λa the phase difference between two suc-
cessive transmitted waves and λa the acoustic wavelength.
For large reflectivity (Ra > 0.5), the finesse Fa can be
approximated as
Fa ≃ πR
1/2
a
1− Ra , (5)
with Ra the acoustic reflection coefficient of the walls of
the cavity. Considering only the propagation of longitudinal
acoustic waves, the walls of the cavity are the liquid 4He-glass
interfaces and the reflection coefficient is
Ra =
∣∣∣∣Zg0 − Zh0Zg0 + Zh0
∣∣∣∣2. (6)
Here, Zg0 = ρgvg (Zh0 = ρhvh) is the characteristic acoustic
impedance of borosilicate glass (liquid 4He), ρj is the density
and vj is the longitudinal velocity of the materials. It turns
out that the acoustic impedance of liquid 4He (Zh0 = 3.3×
104 kg m−2 s−1 at 2 K and saturated vapor pressure) is
smaller by more than two orders of magnitude than that of the
borosilicate glass (Zg0 = 1.3× 107 kg m−2 s−1). This leads to a
large reflection coefficient (Ra = 99%) for the liquid 4He-glass
interfaces, which then act as highly reflective acoustic mirrors.
As a result, the expected finesse of the acoustic cavity should be
relatively high (Fa ≃ 284). Following Eq. (4), the transmission
will show peaks when λa = 2d/n, with n a positive integer.
Hence the resonance frequencies of the acoustic cavities are
given by
fn = n vh2d . (7)
A calculation for a microfluidic cavity of thickness d =
9.52µm filled with liquid 4He of sound velocity vh = 227 m/s
at 2 K leads to a free spectral range *f = fn+1 − fn ≃
11.92 MHz. By measuring the transmission through the
microfluidic device, one should be able to measure the
resonance peak and, knowing the cavity depth, should be able
to extract the first-sound velocity of the confined liquid 4He.
This model helps to understand the principle of our
ultrasonic Fabry-Pe´rot interferometer, however, to describe our
data accurately we need to use a more complete theory. Above,
we have treated the cavity as being surrounded by an infinite
medium made of glass. In reality, as illustrated in Fig. 7, the
glass wafers, on each side of the cavity, have a finite thickness
(L = 1.1 mm). In addition, there are piezoelectric transducers
(PZT) bonded to each side of the device, which is immersed
in liquid 4He. In order to account for the finite size of these
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FIG. 7. (Color online) (a) Propagation of acoustic waves through
a single slab of helium surrounded by an infinite medium of glass.
(b) Propagation through three consecutive slabs, glass, helium, and
glass, bounded by two PZT.
different layers, we have used a transfer matrix formalism
originating from the 1D Mason model [42].
In this formalism, the transmission of acoustic waves
through a layer of finite dimension is expressed in terms of a
stress (σj ) and velocity (vj ). The stress-velocity vector (σ2,v2)
after each layer is expressed as a function of the vector before
that layer (σ1,v1) via a transfer matrix(
σ2
v2
)
= Mj ·
(
σ1
v1
)
. (8)
For a given material of characteristic acoustic impedance
Z
j
0 , thickness dj , and acoustic wave vector kj = 2π/λj , the
transfer matrix is
Mj =
(
cos (kjdj ) i sin (kjdj )
i
Z
j
0
sin (kjdj ) cos (kjdj )
)
. (9)
This formalism not only allows one to find the acoustic
transmission for a single layer [Eq. (4)] but offers the
possibility to compute the transmission through a series of
layers by multiplying the transfer matrices of each layer
together.
In our study, we neglect the PZT layers, which contribute
only in enhancing the ultrasonic signal near their fundamental
resonance (∼20 MHz). We only consider the system of the
three layers in series: glass-liquid 4He-glass. The total transfer
matrix is obtained by multiplying the transfer matrix of each
layer together,
Mtot = MgMhMg, (10)
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FIG. 8. (Color online) Calculation of the acoustic transmission
through a microfluidic device (L = 1.1 mm and d = 9.52 µm) using
the transfer matrix formalism. f1 (red line) is the first harmonic of
the resonant cavity filled with liquid 4He with a sound velocity of
227 m/s (value at 2 K). The gn (blue lines) are the nth harmonics in
the glass layers with a sound velocity of 5685 m/s.
with Mg (Mh) the transfer matrix of the glass (liquid 4He)
layers. Using the linear relation,(
σ2
v2
)
= Mtot
(
σ1
v1
)
, (11)
we calculate the total acoustic impedance Ztot of the system of
the three layers in series to be
Ztot = −σ2
v2
. (12)
The acoustic transmission through the system of the three
layers in series, immersed in liquid 4He is
Ta = 1−
∣∣∣∣Ztot − Zh0Ztot + Zh0
∣∣∣∣2. (13)
We show in Fig. 8 the computed acoustic transmission
through a typical microfluidic device (L = 1.1 mm and d =
9.52 µm) as a function of the ultrasonic frequency. This
graph shows two resonance peaks in the glass (gn), and the
resonance peak corresponding to the first harmonic (f1) of
the microfluidic cavity filled with liquid 4He. In this case, the
resonance frequencies in the glass are approximately given by
gn ≃ n vg2L, (14)
leading to a free spectral range of *g ≃ 2.58 MHz with
vg = 5685 m/s the sound velocity in borosilicate glass. When
the cavity resonance peaks are sufficiently far from the glass
resonances, it is a good approximation to use Eq. (7) to
calculate the sound velocity of liquid 4He. On the other hand,
when a cavity resonance (fn) approaches a glass resonance
(gn), the two modes start to hybridize, as illustrated in Fig. 9.
We show in Fig. 9 a calculation of the transmission through a
microfluidic device (L = 1.1 mm and d = 9.52 µm) zoomed
around g5 ≃ 12.9 MHz. Equation (7) leads to a single line
as a function of the sound velocity in liquid 4He, while a
calculation taking into account the finite size of the glass shows
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FIG. 9. (Color online) Calculation of the transmission through a
microfluidic device (L = 1.1 mm and d = 9.52 µm) as a function of
the frequency and sound velocity in liquid 4He. A pure cavity mode
(n = 1) is obtained using Eq. (7) (thick blue line). The hybridization
of this mode (yellow line) with a glass mode (dashed line) is obtained
using the matrix transfer formalism for layers in series (glass-liquid
4He-glass).
hybridization of the two modes. Due to this hybridization, it is
more difficult to extract the sound velocity from the frequency
spectrum of the transmission. Experimentally, we have been
able to decrease the effect of the hybridization by lowering the
finesse of the glass resonances, through scratching the glass
surfaces. As a result, it is possible to track the 4He cavity
resonance peaks as a function of temperature and pressure,
and extract the sound velocity of the confined liquid 4He.
III. RESULTS AND DISCUSSION
We measure the frequency spectrum of the transmission
through different microfluidic devices by using the following
method. A drive voltage (Vd ∼ 100 mV) swept in frequency
(10 to 50 MHz), is applied to one piezoelectric transducer.
The ultrasonic signal after traversing the microfluidic sample
is received by the second transducer. The response voltage
is measured (Vm ∼ 0.01–15 mV) by the lock-in amplifier. In
our first measurements, the transmission spectrum showed the
resonance peaks of the glass layers with higher amplitude than
the cavity resonance peaks. Experimentally, the glass layers
act as parasitic filters for the ultrasonic transmission and the
cavity resonance peaks are difficult to observe unless they are
close enough to glass resonance peaks. In this configuration,
it is hard to track the cavity resonance peaks.
In order to improve both the contrast in signal amplitude
and the tracking of the cavity resonance peaks, we reduced
the finesse of the glass modes by roughening the surface of
the microfluidic device prior to the bonding of the transducer.
By scratching the surface of the devices with varying grits of
sandpaper we drastically reduced the finesse of the glass reso-
nances and widen the bandwidth of these parasitic filters. Even
though we could not suppress the glass resonances completely,
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FIG. 10. (Color online) Cavity resonance peaks (white dashed
lines) of a microfluidic device (L = 1.1 mm and d = 9.52µm)
filled with liquid 4He at a constant pressure P = 20.80 ± 0.02 bar.
(a) Cavity first harmonic (f1). (b) Cavity second harmonic (f2).
the contrast between the two peaks was greatly improved and
we could track the temperature dependence of the cavity peaks
for different microfluidic devices at different pressures.
Figure 10 shows the temperature dependence (from 4 to
1.7 K) of the cavity resonance frequencies (f1 and f2) for a
cavity (d = 9.52µm) filled with liquid 4He at 20.80±0.02 bar.
We can see from this graph that the measured amplitude ranges
from 0 to 12.5 mV for the first harmonic (f1 ∼ 19 MHz) while
it is smaller (0 to 0.06 mV) for the second harmonic (f2 ∼
39 MHz). This is due to the finite bandwidth of our piezo-
electric transducers, which have a higher sensitivity around
their resonance frequency (∼20 MHz). In our experiment, the
sensitivity of the transducer was a significant limiting factor
for the study of higher harmonics and smaller cavity depths.
To extract the sound velocity from our measurement, while
accounting for the hybridization between the glass and cavity
modes, we use an effective cavity depth, deff . We find that a
single effective cavity depth (deff = 8.85 ± 0.04µm) accounts
for all of our data, although this is slightly different from
the measured depth of the microfluidic cavity (d = 9.52µm).
The exact mechanism that leads to this effective depth is
difficult to pinpoint, since it is the result of a complex coupling
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interaction between the glass resonance background and the
cavity resonance peaks. Nevertheless, it is noteworthy that
using a single effective cavity depth accounts for both helium
cavity harmonics, f1 and f2, and leads to consistent sound
velocity temperature and pressure dependence. This confirms
that the effective depth depends only on the geometry of the
microfluidic sample.
To investigate this further, we found that by altering the
thickness of the glass layers can we change this effective
cavity depth. Specifically, we have used two silica acoustic
delay rods (length 10 mm and diameter 5 mm) bonded between
the glass wafers and the transducers, resulting in an effective
glass thickness ofL = 11.1 mm. We performed measurements
on these devices and extracted an effective cavity depth
of deff = 11.85µm—larger than the measured cavity depth,
further confirming the effective cavity depth is only a property
of the device geometry and does not reveal new physics of the
liquid helium.
With the effective cavity depth and the cavity resonance
frequencies (f1 and f2), we calculate the first-sound velocity
vh of the layer of confined liquid 4He, using Eq. (7). We show
in Fig. 11 the experimental first-sound velocity at different
pressures, measured for a microfluidic cavity of average depth
d = 9.52µm. We have also been able to measure the sound
velocity of liquid 4He confined in a cavity with a depth as
small as d = 5.18 µm (deff = 4.32 µm), shown as the crosses
in Fig. 11.
It is important to note that for a cavity of about 10 µm,
finite-size effects should appear [8] at a temperature T such
that |T − Tλ| < 1µK. Thus we expect our sound velocity data
to be consistent with the bulk values for the entire temperature
range (1.5–4.0 K), except extremely close to Tλ. Our resolution
in temperature (50 µK) does not allow us to currently observe
400
350
300
250
200
So
un
d 
ve
lo
cit
y 
(m
/s)
4.03.53.02.52.01.5
Temperature (K)
 24.8 bar
 20.8 bar
 10.0 bar
 3.0 bar
 1.5 bar
Solid
He II He I
FIG. 11. (Color online) Sound velocity temperature dependence
(1.5–4.0 K) at different pressures (3.0–24.8 bar) of liquid 4He con-
fined in a microfluidic cavity (d = 9.52µm). Data extracted from the
first (full symbols) and the second harmonic (empty symbols) of the
resonant helium cavity of the ultrasonic Fabry-Pe´rot interferometer.
We also show data (cross symbols) for the measurement of the first
harmonics in a 5.18µm cavity. Data are compared with bulk sound
velocity (colored dashed lines) measured by Vignos et al. [43] and
corrected with more accurate temperature values from Maynard et al.
[25]. The phase boundaries between the different phases (dashed
lines) are shown as a guide to the eye.
these effects. We compare our results with the experimental
bulk liquid 4He data measured by Vignos et al. [43], which we
have corrected with more precise temperature values measured
by Maynard et al. [25]. As seen in Fig. 11, the agreement in
the temperature and pressure dependence between our data
and the bulk value is very good. We obtained this agreement
using an effective depth for the cavities. Further theoretical
studies on the acoustic interaction between the glass layers
and the cavity could help to predict if the finite-size effects
in thinner cavities will be governed by the geometric depth
or the effective depth. In the future, it will be possible to first
characterize the effective depth of thinner cavities with respect
to the known bulk behavior, and then extract the finite-size
effect contribution appearing very near Tλ. Moreover, we will
be able to identify which one of these depths is responsible for
finite-size effects, by changing the thickness of the glass layer
while keeping the depth of the cavity constant.
Our apparatus is ideal for the study of critical ultrasonic
behavior [35] in finite geometries as it allows study of different
frequencies via the harmonics of the cavity. However, better
resolution in the ultrasonic attenuation is required, which
could be achieved by further modifying the substrate of the
microfluidic sample.
IV. CONCLUSION
We have designed and tested an ultrasonic Fabry-Pe´rot
interferometer in order to probe finite-size effects in the
first-sound of liquid 4He near the superfluid transition. We
have been able to measure for the first time the first-sound
of liquid 4He in cavities as small as 9.52 and 5.18 µm.
These devices were fully characterized using profilometer
and scanning optical interference techniques. An important
advantage of our experimental setup is that our devices are
insensitive to liquid 4He outside the microfluidic cavity and
therefore we are able to work at hydrostatic pressure. As a
result, we have demonstrated working pressures as high as
24.8 bar, much greater than previous systems, without causing
deformation of the confinement geometry.
The results on the first-sound velocity obtained in our
microfluidic cavities agree well with the sound velocities
previously measured in the bulk limit. Future work on smaller
cavities, with higher frequencies piezoelectric transducers,
are anticipated to reveal finite-size effects in liquid 4He, and
provide a complimentary technique to the extensive work on
heat capacity in this system.
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